Sulfur-containing compounds in straight-run naphtha and catalytic-cracked gasoline were analyzed quantitatively using gas chromatography with a sulfur chemiluminescence detector. Pretreatment of the samples by open column chromatography and silver nitrate treatment were introduced to assign sulfur species. Commercial reagents, prepared standard samples and a commercial mass spectrum library were also utilized to assign the sulfur species. The sulfur content of naphtha was 242 ppm and 83 compounds were identified. Sulfur species consisted of 34 wt％ of thiacycloalkanes, 38 wt％ of thiols and sulfides, 12 wt％ of thiophenes, 11 wt％ of disulfides, and 5 wt％ of unknown compounds. The sulfur content of gasoline was 154 ppm and 41 compounds were assigned. Sulfur species consisted of 46 wt％ of thiophenes, 32 wt％ of benzothiophenes, 14 wt％ of thiols and sulfides, 4 wt％ of thiacycloalkanes, 0.6 wt％ of disulfides, 0.3 wt％ of hydrogen sulfide and 3 wt％ of unknown compounds. The combination of two types of pretreatment methods was effective for quantitative analysis of sulfur compounds contained in the distillate. The results of hydrodesulfurization of light distillate suggested that difficulty of hydrodesulfurization could be predicted from the composition of sulfur compounds in the distillates.
Introduction
also known. Thiols, sulfides, and disulfides could be separated from aromatic hydrocarbons by ligandThe production of low-sulfur transportation fuels is exchange thin-layer chromatography on mercury-loaded becoming increasingly important for environmental reasilica gel 10), 11) . However, thiols were irreversibly sons. Structural analysis of sulfur-containing comadsorbed and could not be recovered by these methods. pounds is necessary to identify less reactive sulfur speIn contrast, silver forms both aqueous insoluble and solcies to improve hydrodesulfurization (HDS) and design uble complexes 12), 13) .
better HDS operating conditions including HDS cata-
The present study examined the qualitative and quanlysts. Light petroleum distillates such as petroleum titative analysis of individual sulfur species in straightgasoline and naphtha usually contain very small run naphtha and catalytic-cracked gasoline using silver amounts of sulfur-containing compounds, so the indinitrate pretreatment and open column chromatography, vidual sulfur species are difficult to identify. Eighteen and compared the composition of sulfur compounds sulfur species in FCC gasoline 1) , 21 sulfur species in with the reactivity to hydrodesulfurization. FCC gasoline 2) , 17 thiophenes in shale-oil naphtha 3) , 15 sulfur species in crude oil in the boiling range 0-100℃ 4) 2. Experimental and 18 thiacycloalkanes in crude oil in the boiling range 111-150℃ 5) have been reported.
1. Materials We previously reported a procedure to concentrate
The feedstocks were petroleum straight-run naphtha all sulfur species from coexisting hydrocarbons to measand catalytic-cracked (FCC) gasoline with the properure their mass spectra 6) , a synthesis and analysis method ties shown in Table 1 . A number of commercial reof substituted thiophenes 7) and an analysis of hydroagents and synthesized compounds were used as refergenated thiophenes and ring-opening products without ences to identify the sulfur species: thiophenes, 2-and sulfur removal from thiophenes 8),9) as approaches to 3-methylthiophene, 2-and 3-ethylthiophene, 2,5-identify sulfur species in light petroleum distillates. dimethylthiophene, 3-propylthiophene, 2,3,5-trimethylMethods to separate sulfur species using metal ions are thiophene, 3-butylthiophene, 3-pentylthiophene and 3-hexylthiophene; and 55 substituted thiophenes, ＊ To whom correspondence should be addressed.
including 2,3-, 2,4-and 3,4-dimethylthiophene, 2-and ＊ E-mail: m.toba@aist.go.jp 3-isopropylthiophene, 2-propylthiophene, 2,3,4- trimethylthiophene, 2,3-, 2,4-, 2,5-and 3,4-diethylthiophene were synthesized 7) . Methanethiol, ethanethiol, 1-and 2-propanethiol, 1-and 2-butanethiol, 2-methyl-1-propanethiol, 1-pentanethiol, 3-methyl-1-butanethiol, 1-hexanethiol, cyclohexanethiol, and benzenethiol were commercial reagents. Other thiols were assigned by reference to a mass spectrum library. Dimethylsulfide, diethylsulfide, s-butyl methyl sulfide, t-butyl methyl sulfide, ethyl propyl sulfide, butyl ethyl sulfide, diisopropyl sulfide, and dipropyl sulfide were commercial reagents, and other sulfides were assigned by reference to a mass spectrum library. Dimethyl disulfide, diethyl disulfide, dipropyl disulfide and dibutyl disulfide were commercial reagents. Tetrahydrothiophene was a commercial reagent and tetrahydro-2-methylthiophene, tetrahydro-3-methylthiophene, tetrahydro-2-ethylthiophene, tetrahydro-3-ethylthiophene, tetrahydro-2,3-dimethylthiophene and tetrahydro-2,5-dimethylthiohene were prepared by hydrogenation of the corresponding thiophenes over a nickelmolybdenum/alumina catalyst 8),9) . Benzothiophene, dihydrobenzothiophene, 2-, 3-and 5-methylbenzothiophene were commercial reagents.
Silver Nitrate Treatment
Naphtha 25 ml was shaken with 0.01 mol/l silver nitrate aqueous solution 10 ml. After separation, the upper layer (organic layer) was washed with distilled water, followed by drying with sodium sulfate. The lower layer (water layer) and precipitate were shaken with toluene 10 ml and 1 mol/l hydrochloric acid 10 ml. The toluene layer was separated, and washed with distilled water followed by drying with sodium sulfate. 6) A sample 10 ml was poured on top of the glass tube column (i.d.: 0.90 cm, length: 100 cm) packed with Wakogel C-200 (75-150 ml) silica gel 25 g, and hexane was gradually passed through the column. The eluent was changed from hexane to benzene after no aromatic hydrocarbons were detected in the eluent. Finally, a benzene _ methanol mixture (1 : 1) was passed through. The fractions 1.5 ml of the column effluent were collected in glass tubes.
3. Fractionation Using Organic Solvents

4. Gas Chromatography
Sulfur species were analyzed quantitatively using a gas chromatograph (HP 1530A) with a sulfur chemiluminescence detector (Sievers 355; GC-SCD) and assigned using a gas chromatograph (HP 6890) with a mass spectrometer (HP 5973; GC-MSD). The chromatographic conditions were presented previously 6) .
5. Assignment of Sulfur Species
Sulfur species were identified based on the reference retention times and mass spectra, and other sulfur species were identified by reference to a mass spectrum library (Wiley 7N. Library).
6. H y d ro d e s u l f u r i z a t i o n o f S t r a i g h t -r u n
Naphtha and Catalytic-cracked Gasoline Bimetallic Pd _ Pt catalysts for hydrodesulfurization were prepared by incipient wetness impregnation with a m i x e d a q u e o u s s o l u t i o n o f [ P d ( N H3)4] C l2 a n d [Pt(NH3)4]Cl2. The molar ratio Pd : Pt was fixed at 4, and the total amount of metal loading was 1.2 wt％. Yb(OAc)3 was used as a precursor of Yb. The impregnated sample was dried in a vacuum at 60℃ for 6 h, pressed into a wafer, crushed into 22/48 mesh particles, and then calcined in an oxygen stream at 300℃ for 3 h after heating at 0.5℃ ・min -1 . The precalcined sample was reduced in-situ in a hydrogen stream at 300℃ for 3 h before use in the reaction.
The hydrodesulfurization (HDS) of naphtha and FCC gasoline was carried out in a high-pressure fixed-bed continuous-flow reactor. The reaction conditions were temperature 260℃; pressure 4 MPa, LHSV 1.6 h
, and H2/feed ratio 350 Nl/l. Figure 1 shows the GC-SCD spectra of each fraction after separation of the sulfur compounds in naphtha by silver nitrate treatment. The acid treatment of the precipitate and water layer decomposed the insoluble and soluble silver complexes, and thiols and sulfides were recovered, respectively. The thiols and sulfides were removed by the silver treatment, and the disulfides, thiophenes and benzothiophenes remained in the organic layer (reference sample).
Results and Discussion
The GC-SCD chromatograms of naphtha, gasoline and two reference samples were compared to identify the sulfur species in naphtha and gasoline. The two reference samples were silver nitrate-treated naphtha and gasoline, which contained no thiols or sulfides. Figures 2-1 to 2-4 show the GC-SCD chromatograms of the four samples and Table 2 shows the compound names. Ninety peaks contained only one compound whereas seventeen peaks contain two compounds. Peak 8 contained thiophene and 2-butanethiol. This peak decreased sharply after treatment with silver nitrate in naphtha but not in gasoline, indicating that 2-butanethiol is the major component of peak 8 in naphtha and that thiophene is the major component of peak 8 in gasoline. Similar results were obtained for peaks 17 and 33. Peak 17 contained 2-methylthiophene and 3-pentanethiol in approximately comparable amounts in naphtha, but mainly 2-methylthiophene in gasoline. Peak 33 contained mainly 3-hexanethiol in naphtha and mainly 2-ethylthiophene in gasoline. Peaks 7, 9, 11, 15, 20, 23, and 40 contained thiols and sulfides of the same molecular weight (MW), so the amounts were difficult to measure accurately. We have previously shown that sulfur-containing compounds in naphtha can be divided into two typical fractions using organic solvents (Fig. 3) : Fraction 62 consisting of thiophenes, thiols and disulfides, and Fraction 72 consisting of sulfides and thiocycloalkanes 6) . Peak 7 contains 1-propanethiol and ethyl methyl sulfide. This peak appears on the chromatogram of Fr. 62 but not on the chromatogram of Fr. 72, indicating that 1-propanethiol is the major component of peak 7. Similar results were obtained for peaks 23 and 40. The major component of peak 23 was 1-pentanethiol and 3-methyl-1-pentanethiol was the major component of peak 40. The major component of peaks containing two compounds is given in Table 2 .
Peak 9 contained 2-methyl-1-propanethiol and methyl RT: 0.9-4.6 min. isopropyl sulfide, and appeared on the chromatogram of Fr. 72 but was hardly evident on the chromatogram of Fr. 62, indicating that methyl isopropyl sulfide is the major component of peak 9. Similar results were obtained for peaks 11, 15 and 20 which contained major components of methyl propyl sulfide, ethyl isopropyl sulfide and ethyl propyl sulfide, respectively. Peak 21 contained tetrahydrothiophene and ethyl isobutyl sulfide. Peak 21 disappeared from the chromatogram of silver nitrate-treated gasoline and was cut by about half in silver nitrate-treated naphtha (Fig. 2) , indicatng that peak 21 contains tetrahydrothiophene and ethyl isobutyl sulfide in comparable amounts in naphtha, and predominantly ethyl isobutyl sulfide in gasoline. Peak 25 contained ethyl methyl disulfide and 3-methyl-3-pentanethiol. Peak 25 appeared on chromatograms of naphtha and Fr. 62 and was relatively unaffected by treatment with silver nitrate, indicating that ethyl methyl disulfide was the major component. Peak 36 contained a compound of MW 102 in naphtha that coincided with tetrahydrothiopyran in the mass spectrum library, but contained a compound of MW 122 RT: 4.4-9.1 min. in gasoline that we assigned to 2,4-dimethylthiophene. The combination of two pretreatment methods was effective for identification of the main sulfur compound of each GC-SCD peak containing two compounds. Tetrahydro derivatives of 2-methylthiophene (peak 28), 3-methylthiophene (peak 32), 2-ethylthiophene (peak 60), 3-ethylthiophene (peak 67), 2,3-dimethylthiophene (peaks 55 and 57), and 2,5-dimethylthiophene (peaks 37 and 38) were identified by the retention times of reference compounds and the mass spectrum library. Tetrahydromethylthiopyran has three isomers, corresponding to peaks 41, 44 and 45 according to the mass spectrum library. However, the assignment of the specific isomers was not clear. Peaks 43, 50, 62, 69, and 70 contained a compund with a MW of 130 and were assigned as tetrahydro-C3-thiophene or tetrahydro-C2-thiopyran by reference to the mass spectrum library, although the specific structures were not clear.
This study identified a total of 107 peaks, of which 20 minor peaks could not be defined. In general, straight-run naphtha was abundant in thiols, sulfides and thiacycloalkanes, and catalytic-cracked gasoline was abundant in thiophenes and benzothiophenes.
Sulfur species were summarized as several compound types as given in Table 2 . Sulfur species in naphtha consisted of 37.9 wt％ of thiols and sulfides, 10.7 wt％ of disulfides, 12.4 wt％ of thiophenes, 33.5 wt％ of thiacycloalkanes, and 5.2 wt％ of unknown compounds. Sulfur species in gasoline consisted of 0.3 wt％ of hydrogen sulfide, 14.2 wt％ of thiols and sulfides, 0.6 wt％ of disulfides, 46.2 wt％ of thiophenes, 31.5 wt％ of benzothiophenes, 4.1 wt％ of thiacycloalkanes; and 3.3 wt％ unknown compounds. Table 3 shows the specification of product oils in the hydrodesulfurization of straight-run naphtha and catalytic cracked gasoline over Pd _ Pt/Yb _ USY catalyst. Sulfur compounds in naphtha can be effectively removed to 0.9 ppm. However, the hydrotreated product of gasoline still contains 1.9 ppm of sulfur. Most persisting sulfur compounds were thiophene and alkylthiophenes indicating that hydrodesulfurization of thiophene and alkylthiophenes is more difficult than that of other sulfur compounds in light distillates. The con-RT: 14.9-20.1 min.
Fig. 2-4 Comparison of GC-SCD Chromatograms of Gasoline and
Naphtha before and after AgNO 3 Treatment Fig. 3 Comparison of GC-SCD Chromatograms of Fr. 62 and Fr. 72 from Naphtha 4 wt％) . On the basis of the content of thiophenes, the hydrodesulfurization of gasoline is likely to be more difficult than that of naphtha at the same reaction condition. This prediction agrees with the results of hydrodesulfurization of straight-run naphtha and catalytic cracked gasoline. That is to say, we can easily predict the difficulty of hydrodesulfurization of light distillates by quantitative analysis of the sulfur compounds. The combination of two types of pretreatment methods, silver nitrate treatment for removing highly reactive sulfur compounds such as thiols and sulfides, and open column chromatography gave more exact information on the sulfur compounds contained in the distillate. Such analysis is useful for catalyst selection and determination of reaction conditions in the hydrodesulfurization of light distillates.
Conclusion
Sulfur-containing compounds in straight-run naphtha and catalytic-cracked gasoline could be analyzed quantitatively by silver nitrate treatment and open column chromatography. The results of hydrodesulfurization of light distillate suggested that the difficulty of hydrodesulfurization can be predicted from the composition of sulfur compounds in the distillates, so such information is useful to select catalyst species and determine reaction conditions. 
